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Theta_13 Discovery:

2

Daya Bay θ13 Results 

Observe electron-antineutrino disappearance
six 2.9 GWth reactors
six 20-ton detectors: 3 near (~500m), 3 far (~1650m)
55 days of running

antineutrino detectors

near
far

Rate only. Normalization floating

Sometimes nature is kind !
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5

Thursday, August 23, 12 sin2 2θ13

In Vacuum, at 1st Oscillation Maximum:

P (ν̄µ → ν̄e) ranges is between
1
2 and 2 times P (νµ → νe) !!!

Very Different !!! Was θ13 ≈ θC√
2

Predicted?
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sin2 θ13 ≈ 0.23 is the νe fraction of ν3 (the electron poor mass state)

sin2 2θ13

In Vacuum, at 1st Oscillation Maximum:

P (ν̄µ → ν̄e) ranges is between
1
2 and 2 times P (νµ → νe) !!!

Very Different !!! Was θ13 ≈ θC√
2

Predicted?
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> 5σ discovery

sin2 θ13 ≈ 0.23 is the νe fraction of ν3 (the electron poor mass state)

sin2 2θ13

In Vacuum, at 1st Oscillation Maximum:

P (ν̄µ → ν̄e) ranges is between
1
2 and 2 times P (νµ → νe) !!!

Very Different !!! Was θ13 ≈ θC√
2

Predicted?
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World Average: Theta_13
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Unanswered Questions !

4

credibility of 
Leptogenesis!

ν Standard Model

• Nature of Neutrino: Majorana (2 comp) or Dirac (4 comp) fermion?

• CPV in Neutrino Sector: determination Dirac phase δ ?

• Ordering of mass eigenstates: Atmos. mass hierarchy, sign of δm2
31 ?

• Is ν3 more νµ or more ντ : Octant of θ23 (> or < π
4)

• Majorana Phases: 2 additional phases

• Absolute Neutrino Mass: mlite

Beyond ν Standard Model

• What is the mass of the Sterile Neutrinos: light? or Superheavy?

• What is the size of Non-Standard Interactions?

• Where are the true Surprises?
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Nu Standard Model

5

• ν Flavor Oscillations/Transformations are a Fact:

Neutrino Oscillation Experiments have revealed that neutrinos change

flavor after propagating a finite distance. The rate of change depends on

the neutrino energy, Eν, and the baseline, L. The evidence is overwhelming!

Two different L/E scales have been observed:

• Atmospheric L/E = 500 km/GeV and Solar L/E = 15, 000 km/GeV

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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ν Flavor Oscillations are a Fact

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on
the neutrino energy Eν and the baseline L. The evidence is overwhelming.

• νµ → ντ and ν̄µ → ν̄τ — atmospheric and accelerator experiments;

• νe → νµ,τ — solar experiments;

• ν̄e → ν̄other — reactor experiments;

• νµ → νother and ν̄µ → ν̄other— atmospheric and accelerator expts;

• νµ → νe — accelerator experiments.

The simplest and only satisfactory explanation of all this data is that
neutrinos have distinct masses, and mix.

June 12, 2012 ν Theory
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• ν Flavor Oscillations/Conversion are a Fact:

Neutrino Oscillation Experiments have revealed that neutrinos change

flavor after propagating a finite distance. The rate of change depends on

the neutrino energy, Eν, and the baseline, L. The evidence is overwhelming!

Two different L/E scales have been observed:

• Atmospheric L/E = 500 km/GeV and Solar L/E = 15, 000 km/GeV

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Neutrino Masses and Mixings (NuSM)
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André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)





νe

νµ

ντ



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3









ν1

ν2

ν3





Definition of neutrino mass eigenstates (who are ν1, ν2, ν3?):

• m2
1 < m2

2 ∆m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 −m2

1 � |m2
3 −m2

1,2| ∆m2
13 > 0 – Normal Mass Hierarchy

tan2 θ12 ≡ |Ue2|2
|Ue1|2 ; tan2 θ23 ≡ |Uµ3|2

|Uτ3|2 ; Ue3 ≡ sin θ13e−iδ

June 12, 2012 ν Theory

Masses
Label the Neutrino mass eigenstates such that:

νe component of ν1 > νe component of ν2 > νe component of ν3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2 or |Ue2|2(1 − |Ue2|2)

|Ue3|2(1 − |Ue3|2)

|Uµ3|2(1 − |Uµ3|2)

Masses and Mixings
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|δm2
21| << |δm2

31| or |δm2
32| where (δm2

ji ≡ m2
j −m2

i )

Solar Mass Hierarchy: m2
2 > or < m2

1

i.e. sign of δm2
21 determined by SNO δm2

21 > 0

Atmospheric Mass Hierarchy: m2
3 > or < m2

1, m2
2

i.e. sign of δm2
31, δm2

32 UNKNOWN
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2

i.e. sign of δm2
31, δm2

32 UNKNOWN

sin2 θ13 ≡ |Ue3|2 << 1

sin2 θ12 ≡ |Ue2|2
1−|Ue3|2 ≈ |Ue2|2

sin2 θ23 ≡
|Uµ3|2

1−|Ue3|2 ≈ |Uµ3|2

sin2 θ13 ≡ |Ue3|2 � 1, sin2 θ12 ≡ |Ue2|2

1−|Ue3|2 ≈ |Ue2|2, sin2 θ23 ≡
|Uµ3|2

1−|Ue3|2 ≈ |Uµ3|2
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smaller νe

content

sin2 θ12 ∼ 1
3

sin2 θ23 ∼ 1
2

sin2 θ13 ∼ 0.02

– Typeset by FoilTEX – 10
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Nu Standard Model:
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

�
mνi =

f1 ∼ cos2 θ⊙ ≈ 68%

f2 ∼ sin2 θ⊙ ≈ 32%
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
sol|/|δm2

atm| ≈ 0.03
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3

sin2 θ23 ∼ 1/2

sin2 θ13 < 3%

0 ≤ δ < 2π
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sin2 θ12 ∼ 1
3

sin2 θ23 ∼ 1
2

sin2 θ13 ∼ 0.02
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Nu Standard Model:
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Solar Sector: {12}
|Uαj|2
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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• What is the neutrino mass hierarchy? ( δm2
31 ≡ m2

3 −m2
1 > 0)

• Is ν3 mostly νµ or ντ ? (θ23 < π/4 or > π/4)

• Is CP Violated in Neutrino Oscillations? ( δ �= 0, π)

– Typeset by FoilTEX – 2
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Global Fits:  (Sausages)

9

7

TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. We remind that ∆m2 is defined herein as m2

3 − (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH.

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10−1 (NH or IH) 3.07 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.33 – 2.49 2.27 – 2.55 2.19 – 2.62

∆m2/10−3 eV2 (IH) 2.42 2.31 – 2.49 2.26 – 2.53 2.17 – 2.61

sin2 θ13/10
−2 (NH) 2.41 2.16 – 2.66 1.93 – 2.90 1.69 – 3.13

sin2 θ13/10−2 (IH) 2.44 2.19 – 2.67 1.94 – 2.91 1.71 – 3.15

sin2 θ23/10−1 (NH) 3.86 3.65 – 4.10 3.48 – 4.48 3.31 – 6.37

sin2 θ23/10
−1 (IH) 3.92 3.70 – 4.31 3.53 – 4.84 ⊕ 5.43 – 6.41 3.35 – 6.63

δ/π (NH) 1.08 0.77 – 1.36 — —

δ/π (IH) 1.09 0.83 – 1.47 — —

Table I reports the bounds shown in Fig. 3 in numerical form. Except for δ, the oscillation parameters are constrained
with significant accuracy. If we define the average 1σ fractional accuracy as 1/6th of the ±3σ variations around the
best fit, then the parameters are globally determined with the following relative precision (in percent): δm2 (2.6%),
∆m2 (3.0%), sin2 θ12 (5.4%), sin2 θ13 (10%), and sin2 θ23 (14%).
A final remark is in order. As noted in Sec. II B, two alternative choices were used in [5] for the absolute reactor flux

normalization, named as “old” and “new,” the latter being motivated by revised flux calculations. Constraints were
shown in [5] for both old and new normalization, resulting in somewhat different values of θ12 and θ13. The precise
near/far data ratio constraints from Daya Bay [6, 8] and RENO [7, 9] are largely independent of such normalization
issues, which persists only for the reactor data without near detector (i.e., KamLAND, CHOOZ and Double Chooz
data in this work), with very small effects on the global fit. For the sake of precision, we remark that the values
in Table I refer to our fit using the “old” normalization for KamLAND, CHOOZ and Double Chooz. By using the
“new” normalization, the only noticeable effects would be the following overall shifts, with respect to the numbers in
Table I: ∆ sin2 θ12/10−1 ! +0.05 and ∆ sin2 θ13/10−2 ! +0.08 (i.e., at the level of ∼ 1/3 of a standard deviation).
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FIG. 4: Constraints induced by oscillation data (at 2σ level) in the planes charted by any two among the absolute mass
observables mβ (effective electron neutrino mass), mββ (effective Majorana mass), and Σ (sum of neutrino masses). Blue (red)
bands refer to normal (inverted) hierarchy.

Fogli et al  arXiv: 1205.5254v3

???



Stephen Parke                                                   HEPAP 2012 @ Rockville                                                       8/27/2012                      

adding atmospheric data ?

10

 T. Schwetz

3-flavor effects in atmospheric neutrinos

16

excess in electron-like events:

III. The ATMOSPHERIC sector 13

Octant and hierarchy discrimination in atmospheric data

• Excess of e-like events, δe ≡ Ne
�
N0

e − 1:
δe � (r̄ cos2 θ23 − 1) P2ν(∆m2

21, θ12) [∆m2
21 term]

+ (r̄ sin2 θ23 − 1) P2ν(∆m2
31, θ13) [θ13 term]

− r̄ sin θ13 sin 2θ23 Re(A∗ee Aµe) ; [δCP term]

with r̄ ≡ Φ0
µ

�
Φ0

e;

• similar but less pronounced effects also appear in
µ-like events (not discussed here);

• resonance in P2ν(∆m2
31, θ13) ⇒ enhancement of ν

(ν̄) oscillations for normal (inverted) hierarchy ⇒
hierarchy discrimination;

• δe distinguishes between light and dark side ⇒
octant discrimination;

• present data: excess in e-like sub-GeV events⇒
preference for light side.
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Michele Maltoni <michele.maltoni@csic.es> CIPANP 2012, 30/05/2012

Peres, Smirnov, 99; 
Gonzalez-Garcia, Maltoni, Smirnov, 04



Stephen Parke                                                   HEPAP 2012 @ Rockville                                                       8/27/2012                      

adding atmospheric data ?

10

 T. Schwetz

3-flavor effects in atmospheric neutrinos

16

excess in electron-like events:

III. The ATMOSPHERIC sector 13

Octant and hierarchy discrimination in atmospheric data

• Excess of e-like events, δe ≡ Ne
�
N0

e − 1:
δe � (r̄ cos2 θ23 − 1) P2ν(∆m2

21, θ12) [∆m2
21 term]

+ (r̄ sin2 θ23 − 1) P2ν(∆m2
31, θ13) [θ13 term]

− r̄ sin θ13 sin 2θ23 Re(A∗ee Aµe) ; [δCP term]

with r̄ ≡ Φ0
µ

�
Φ0

e;

• similar but less pronounced effects also appear in
µ-like events (not discussed here);

• resonance in P2ν(∆m2
31, θ13) ⇒ enhancement of ν

(ν̄) oscillations for normal (inverted) hierarchy ⇒
hierarchy discrimination;

• δe distinguishes between light and dark side ⇒
octant discrimination;

• present data: excess in e-like sub-GeV events⇒
preference for light side.

0.9

1

1.1

1.2

1.3
Normal hierarchy

SK-e sub-G
eV

low

Inverted hierarchy

0.9

1

1.1

1.2

1.3

sin2(2!13) = 0.09
sin2

!23 " { 0.35, 0.50, 0.65 }

SK-e sub-G
eV

high#m2
sol  = 7.5 $ 10%5 eV2

|#m2
atm| = 2.4 $ 10%3 eV2

-1 -0.5 0 0.5 1
cos &

'

0.9

1

1.1

1.2

1.3

-1 -0.5 0 0.5 1
cos &

'

SK-e m
ulti-G

eV

SK-I + SK-II + SK-III

Michele Maltoni <michele.maltoni@csic.es> CIPANP 2012, 30/05/2012

Peres, Smirnov, 99; 
Gonzalez-Garcia, Maltoni, Smirnov, 04

???? pushes you 
into first quadrant
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What we have measured?

11

What we have really measured (roughly speaking):

• Solar (21) mass-squared splitting with sign- KamLAND

• Atmospheric [comb of (32) and (31)] mass-squared splitting - absolute

value, no sign, MINOS

• |Ue2|2 - solar data (CC-SNO)

• |Ue2|2 + |Uµ2|2 + |Uτ2|2 - solar data (NC-SNO)

• |Ue1|2|Ue2|2 - KamLAND wiggles

• |Uµ3|2(1− |Uµ3|2) - Atm data, K2K, MINOS

• |Ue3|2(1− |Ue3|2) - Double Chooz, Daya Bay, RENO

• |Ue3|2|Uµ3|2 - MINOS, T2K

We have a way to go !!!
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André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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Definition of neutrino mass eigenstates (who are ν1, ν2, ν3?):

• m2
1 < m2

2 ∆m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 −m2

1 � |m2
3 −m2

1,2| ∆m2
13 > 0 – Normal Mass Hierarchy

tan2 θ12 ≡ |Ue2|2
|Ue1|2 ; tan2 θ23 ≡ |Uµ3|2

|Uτ3|2 ; Ue3 ≡ sin θ13e−iδ

June 12, 2012 ν Theory
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Unitarity Triangle:
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We need to do this in

the lepton sector!

June 12, 2012 ν Theory

We need to do something similar for the Lepton Sector!
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the lepton sector!

June 12, 2012 ν Theory

Unitarity Triangle:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0

|J | = 2×Area

J = s12c12s23c23s13c2
13 sin δ

ω = δ or 2π − δ
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BRIEF ARTICLE

THE AUTHOR

when sin(aL)/(aL) ≈ 1
Neutrino Physics disparately needs to go beyond Megawatt traditional neutrino beams

and Megaton water Cerenkov detectors: Neutrino Factory is an excellent possibility.
For large sin2 2θ13 (≥ 0.003-0.01 say) the low energy option could provide precision

measurements of the mixings to give meaningful tests to various sum rules coming from
models and also explore the possibility of new physics as sub-leading effects.

For smaller values of sin2 2θ13 the higher energy option provides unpresident sensitivity
to small values sin2 2θ13 and has the capability to untangle neutrino mixings from other
new physics.
∼ 1√

3
= sin θ13/

√
2

1

Three Main things we are looking for are:

Surprises! Surprises!! SURPRISES!!!

We all have prejudices
about how Nature has organized

the Neutrino/Lepton Sector:

She has SURPRISES in store for us

Let’s go Find Them !!!!!!

≈ 1/3
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~1/10

We need to do something similar for the Lepton Sector!
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André de Gouvêa Northwestern

What We Are Trying To Understand:

⇐ NEUTRINOS HAVE TINY MASSES

⇓ LEPTON MIXING IS “WEIRD” ⇓

VMNS ∼
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Very Different !!! Was θ13 ≈ θC√
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Predicted?
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Models Survey c.2006
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FIG. 1: Histogram of the number of models for each sin2 θ13 including all 63 models.
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FIG. 2: Histogram of the number of models for each sin2 θ13 that give accurate predictions for all three

leptonic mixing angles.
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Albright and Chen Daya Bay 
and RENO 

Only 7 
models 
survive!

Ue3 = 0.15± 0.02
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 BM, TBM, GR might only apply to neutrino 
mixing and                            implies

                     

 Bimaximal                                             

Tri-bimaximal

Golden ratio

UPMNS = UeU
†
ν

θ12 = 32o + θ13 cos δ

θ12 = 34o ± 1o θ13 = 9o ± 1oExperiment

θ12 = 45o + θ13 cos δ → δ ≈ π

θ12 = 35o + θ13 cos δ → δ ≈ ±π

2

θ13 ≈ θe12√
2

Large Charged Lepton 
Corrections to the rescue

Solar Sum 
Rules

Sum Rule: King (’05); Masina (’05); 
Antusch, King (’05)

Charged Lepton Corrections: King (‘02), Frampton, Petcov, Rodejohann (‘04), 
Altarelli, Feruglio, Masina (‘04), Antusch, King (’04), Ferrandis, Pakvasa (‘04), 
Feruglio (‘05), Datta, Everett, Ramond (‘05), Mohapatra, Rodejohann (‘05) 
Antusch, Maurer (’11) Mazocca, Petcov, Romanino, Spinrath (’11)

5 Summary and Conclusion

To summarise, recent data from the Daya Bay and RENO reactor experiments is con-
sistent with a remarkable relationship between the smallest lepton mixing angle, θ13,
and the largest quark mixing angle, θC , namely θ13 ≈ θC/

√
2. We have proposed a

new mixing ansatz called Tri-Bimaximal-Cabibbo (TBC) mixing which combines this
relation with TB atmospheric and solar mixing. We then discussed two ways to achieve
TBC mixing, summarised as follows:

(i) The first approach is based on Cabibbo-like charged lepton corrections θe12 ≈ θC ,
starting from a zero neutrino mixing angle θν13 ≈ 0. The desired empirical factor of

√
2 in

Eqs.4, 6 then arises automatically from Eq.11, assuming maximal atmospheric neutrino
mixing. The suitable mixing patterns are therefore those with θν13 = 0 and θν23 = 45o.
We have considered three such mixing patterns, namely tri-bimaximal (TB) neutrino
mixing, bi-maximal (BM) neutrino mixing, and the Golden Ratio (GR) neutrino mixing,
which each lead to the Sum Rule in Eq.14 where θν12 = 35.26o, 45o, 31.7o, respectively.
Given the prediction θ13 ≈ 9.2o, the Sum Rule then yields a favoured range of cos δ in
each case, namely δ ≈ ±90o,±180o,±75o, respectively. These predictions are testable
in future neutrino accelerator experiments [24]. We have indicated how such scenarios
may be realised in Family Symmetry Models with Pati-Salam symmetry.

(ii) The second approach generates a neutrino mixing angle directly (with no charged
lepton corrections), θν13 ≈ θC/

√
2, using the type I see-saw mechanism with sequential

dominance (SD), assuming a particular form of the Dirac neutrino Yukawa couplings in
Eqs.31 and 38. The desired empirical factor of

√
2 in this case arises automatically from

Eq.32, assuming maximal atmospheric neutrino mixing, and ∆θ13 = 0 in Eq.37, which
is satisfied if solar mixing is trimaximal as follows from Eq.38. The conditions Eqs.31
and 38 may be justified using family symmetry breaking flavons with particular vacuum
alignments in the neutrino sector. The appearance of θC in the flavon ϕ3 misalignment
is justified by the fact that ϕ3 is responsible for Cabibbo mixing in the quark sector.
The main prediction of the second approach is that, unlike the first approach, TBC
mixing in Eqs. 7-9 is realised accurately, up to corrections of order λ2 multiplied by
small coefficients. However, as usual, there will be additional renormalisation group and
canonical normalisation effects which will give additional corrections.

In conclusion, we have proposed the TBC mixing pattern in Eqs.7 and 8 and shown
how it can be realised in two very different approaches to quark and lepton mixing, with
distinctive experimental predictions.

Acknowledgements
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Quark-Lepton Complementarity

Solar sum rules

Atm. sum rules

θ12 = 45o + θ13 cos δ

θ12 = 35o + θ13 cos δ

θ12 = 32o + θ13 cos δ

θ12 + θC = 45o

Bimaximal

Golden Ratio

Tri-bimaximal

Tri-bimaximal-
Cabibbo

θ23 = 45o

Trimaximal1 θ23 = 45o +
√
2θ13 cos δ

Trimaximal2 θ23 = 45o − θ13√
2
cos δ

Now that      is measured these predict   θ13 cos δ

θ12 = 35o

θ13 = θC/
√
2 = 9.2o

Summary of Sum Rule Predictions 

Plus Charged 
Lepton Corrections... 

Plus HO 
corrections...   
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Indirect Models 
Starting point is type I see-saw 

Promote the columns(A,B,C) to dynamical fields
GF yields special vacuum alignments, for example:

MRR =




M1 0 0
0 M2 0
0 0 M3



mLR =




A1 B1 C1

A2 B2 C2

A3 B3 C3





(A,B,C) proportional to columns of PMNS called Form Dominance (FD)

AAT/M1 ! 0 gives hierarchy (m1 ! 0) called Sequential Dominance (SD)

SD with B~(1,1,-1) and C~(0,1,1) called Constrained SD gives TB Mixing

SD with B~(1,1,-1) and C~(r,1,1) called Partially CSD gives TBR mixing

SD with B~(1,2,0) and C~(0,1,1) called CSD2 gives TM1 mixing

King, Ross, de Medeiros Varzielas, Antusch, Malinsky,...

Antusch, King, Luhn, Spinrath (’11)

King(’09), King,Luhn(’11)

King(’05)

King(‘98,’02)

Chen, King(’09)

AT = (A1, A2, A3) BT = (B1, B2, B3)

DOMINANCE

mv =
AAT

M1
+

BBT

M2
+

CCT

M3

Stephen King @ What’s Nu?  GGI Florence:
https://indico.cern.ch/sessionDisplay.py?sessionId=98&confId=195985#20120625



Given this end game and part of the chess board:



Given this end game and part of the chess board:

Deduce the rules of chess!!!



CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T � � T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination
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CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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2
�

PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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∓2
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CPC only CPV
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P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
�

Patme−i(∆32+δ) +
�

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
�

PatmPsol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
�

PatmPsol cos∆32 cos δ + Psol (7)

∓2
�

PatmPsol sin ∆32 sin δ (8)

P = Psol
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∆Pcp = 2 sin δ sin 2θ13 sin 2θ23 sin 2θ12 cos θ13 sin∆21 sin∆31 sin∆32

∆ij =
δm2

ijL

4E
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!"#$%$&'#$()*(+*+',$-$#$./*+(0*-'01.* 23*

from EFM

vacuum:
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In Matter:
√

Patm =sin θ23 sin 2θ13
sin(∆31−aL)
(∆31−aL) ∆31

√
Psol = cos θ23 sin 2θ12

sin(aL)
(aL) ∆21
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± = sign(δm2
31), a = GF Ne/

√
2 ≈ (4000 km)−1

P (ν̄, δm2
31, δ) = P (ν, −δm2

31, δ+π)

dashes ⇔ solid and solid ⇔ dashes

a → −a and δ → −δ

Anti-Nu: Normal Inverted
dashes δ = π/2
solid δ = 3π/2
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Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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P (νµ → νe) ≈ |
�

Patme−i(∆32+δ) +
�

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04

– Typeset by FoilTEX – 2

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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ē R

S
U

(
2
)
×

U
(
1
)

R
ig

h
t

C
h
ir
a
l

e R
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Vacu
um LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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2
�

PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol

– Typeset by FoilTEX – 17
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Non-Maximal Theta_23

23

MINOS @ Neutrino 2012 by Ryan Nichol
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MINOS PRELIMINARY

37.9 kiloton-years
-beam)µ$ and µ$ POT (20 10#14.1 

Contours

23

Adding in the extra 
data and the 
atmospherics

New MINOS neutrino 
oscillation parameters:

PνP
ν = E2 − p2 = m2

N(t) = N0e
−t/τ

Γ = 1/τ

�

i

BRi = 1

Γi = BRiΓ

�

i

Γi = Γ

χ̂ =
1

2
γ5

χ̂L =
1

2

�
1− γ5

�

χ̂R =
1

2

�
1 + γ5

�

x =
Q2

2p · q

y =
p · q
p · k

Γ =
G2

fm
5
µ

192π3

∆m2 = 2.41+0.XX
−0.Y Y × 10−3eV 2

sin2 (2θ) = 0.94+0.06
−0.XX

∆m2 = 2.39+0.09
−0.10 × 10−3eV 2

sin2 (2θ) = 0.96+0.04
−0.04

sin2 (2θ) > 0.90 at 90% C.L.

3

New

4*0.4*0.6=0.96



At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

– Typeset by FoilTEX – 13

νµ → νe and ν̄µ → ν̄e

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

sin2 θ23 = 0.6

sin2 θ23 = 0.4
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For sin2 2θ23 = 0.96
thus sin2 θ23 = 0.4 or 0.6
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Deviations from zero of | sin2 θ23 − 1
2| !!! i.e. sin2 2θ23 �= 1

T2K and NOvA

T2K and NOvA

νµ → νµ

(1 − sin2 2θ23)
or

| sin2 θ23 − 1
2|

Time or POT or kilowatt ·sec

0.15 0.10 0.05 0.0

0.09 0.04 0.01 0.0

sin2 θ23
3 σ Discovery

Upper Bound at 90% C.L.

( If sin2 θ23 − 1
2 = ±� then 1 − sin2 2θ23 = 4�2 )
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WIN ‘09 - 09/16/09Mayly Sanchez - ISU/ANL

95% CL Resolution

of the !23 ambiguity

30

• Ambiguity is resolved to 
the right and below the 
curves.

• Sensitivity depends on 

mass ordering, "CP, and 
the sign of the ambiguity.

• Curves represent average 
over parameters.

WIN ‘09 - 09/16/09Mayly Sanchez - ISU/ANL

95% CL Resolution

of the !23 ambiguity

30

• Ambiguity is resolved to 
the right and below the 
curves.

• Sensitivity depends on 

mass ordering, "CP, and 
the sign of the ambiguity.

• Curves represent average 
over parameters.

νµ → νe and ν̄µ → ν̄e

At Vac. Osc. Max. (∆31 = π
2)

P (νµ → νe) + P (ν̄µ → ν̄e) ≈ 2 sin2 θ23 sin2 2θ13 + O[(aL) sin δ]

directly comparable to reactor

1− P (ν̄e → ν̄e) = sin2 2θ13

sin2 θ23 = 0.6

sin2 θ23 = 0.4

T2K could also do this, if they ran ν̄µ

– Typeset by FoilTEX – 13
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Mass Hierarchy:  NOvA

25

Gary Feldman                         LBNE Reconfiguration Workshop                         25 April 2012                           9

3 Years Each ! and !

NO!A does about as well 
with 3 years of each. In 
addition, this plan rules out 
no CP violation at a greater 
significance and it provides
a constraint on the model
and on the measurements. 

sin2 θ23 = 0.42

sin2 θ23 = 0.58

– Typeset by FoilTEX – 2

sin2 θ23 = 0.42

sin2 θ23 = 0.58

– Typeset by FoilTEX – 2

sin2 θ23 = 0.42

sin2 θ23 = 0.58

4 ∗ 0.42 ∗ 0.58 = 0.97

– Typeset by FoilTEX – 2
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Significance of the Mass Ordering
Resolution for NO!A (Plan A)

Rate only
10% systematic 
on the background.
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Mass Hierarchy :  Full LBNE

27
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4 ∗ 0.42 ∗ 0.58 = 0.97
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same L/E as NOvA
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same L/E as NOvA

YKK will discuss phasing of LBNE
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Reactors & the Mass Hierarchy
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32 fixed
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Reactors & the Mass Hierarchy

28

32 fixed

31 fixed

float within 
uncertainities
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Reactors & the Mass Hierarchy (conti)
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Reactors & the Mass Hierarchy (conti)
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Mass Hierarchy Resolution in Reactor Anti-neutrino Experiments:
Parameter Degeneracies and Detector Energy Response

X. Qian,1, ∗ D. A. Dwyer,1 R. D. McKeown,2 P. Vogel,1 W. Wang,2 and C. Zhang3

1Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA
2College of William and Mary, Williamsburg, VA

3Brookhaven National Laboratory, Upton, NY
(Dated: August 16, 2012)

Determination of the neutrino mass hierarchy using a reactor neutrino experiment at ∼60 km
is analyzed. Such a measurement is challenging due to the finite detector resolution, the absolute
energy scale calibration, as well as the degeneracies caused by current experimental uncertainty of
|∆m2

32|. The standard χ2 method is compared with a proposed Fourier transformation method. In
addition, we show that for such a measurement to succeed, one must understand the non-linearity
of the detector energy scale at the level of a few tenths of percent.

PACS numbers:

INTRODUCTION AND DEGENERACY CAUSED

BY THE UNCERTAINTY IN ∆m2
atm

Reactor neutrino experiments play an extremely im-
portant role in understanding the phenomenon of neu-
trino oscillation and the measurements of neutrino mix-
ing parameters [1]. The KamLAND experiment [2] was
the first to observe the disappearance of reactor anti-
neutrinos. That measurement mostly constrains solar
neutrino mixing ∆m2

21 and θ12. Recently, the Daya
Bay experiment [3] established a non-zero value of θ13.
sin2 2θ13 is determined to be 0.092 ± 0.016 (stat) ± 0.005
(sys). The large value of sin2 2θ13 is now important in-
put to the design of next-generation neutrino oscillation
experiments [4, 5] aimed toward determining the mass
hierarchy (MH) and CP phase.

It has been proposed [6] that an intermediate L∼20-
30 km baseline experiment at reactor facilities has the
potential to determine the MH. Authors of Ref. [7] and
Ref. [8, 9] studied a Fourier transformation (FT) tech-
nique to determine the MH with a reactor experiment
with a baseline of 50-60 km. Experimental considerations
were discussed in detail in Ref. [9]. On the other hand,
it has also been pointed out that current experimental
uncertainties in |∆m2

32| may lead to a reduction of sensi-
tivity in determining the MH [10, 11]. Encouraged by the
recent discovery of large non-zero θ13, we revisit the fea-
sibility of intermediate baseline reactor experiment, and
identify some additional challenges.

The disappearance probability of electron anti-
neutrino in a three-flavor model is:

P (ν̄e → ν̄e) = 1− sin2 2θ13(cos
2 θ12 sin

2 ∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21

= 1− 2s213c
2
13 − 4c213s

2
12c

2
12 sin

2 ∆21 + 2s213c
2
13

√

1− 4s212c
2
12 sin

2 ∆21 cos(2∆32 ± φ) (1)

where ∆ij ≡ |∆ij | = 1.27|∆m2
ij|

L(m)
E(MeV ) , and

sinφ =
c212 sin 2∆21

√

1− 4s212c
2
12 sin

2 ∆21

cosφ =
c212 cos 2∆21 + s212

√

1− 4s212c
2
12 sin

2 ∆21

. (2)

In the second line of Eq. (1), we rewrite the formula us-
ing the following notations: sij = sin θij , cij = cos θij ,
and using ∆31 = ∆32 + ∆21 for normal mass hierar-
chy (NH), ∆31 = ∆32 − ∆21 for inverted mass hierar-
chy (IH), respectively. Therefore, the effect of MH van-

ishes at the maximum of the solar oscillation (∆21 =
π/2), and will be large at about ∆21 = π/4. Further-
more, we can define ∆m2

φ(L,E) = φ
1.27 · E

L
as the ef-

fective mass-squared difference, whose value depends on
the choice of neutrino energy E and baseline L. Since
|∆m2

32| is only known with some uncertainties (|∆m2
32| =

(2.43 ± 0.13) × 10−3eV 2 [12] or more recently |∆m2| =
2.32+0.12

−0.08 × 10−3eV 2 [13]), there exists a degeneracy be-
tween the phase 2∆32+φ in Eq. (1) corresponding to the
NH and the phase 2∆′

32−φ corresponding to the IH when
a different |∆m2

32| (but within the experimental uncer-
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Mass Hierarchy Resolution in Reactor Anti-neutrino Experiments:

Parameter Degeneracies and Detector Energy Response
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Determination of the neutrino mass hierarchy using a reactor neutrino experiment at ∼60 km

is analyzed. Such a measurement is challenging due to the finite detector resolution, the absolute

energy scale calibration, as well as the degeneracies caused by current experimental uncertainty of

|∆m2
32|. The standard χ2 method is compared with a proposed Fourier transformation method. In

addition, we show that for such a measurement to succeed, one must understand the non-linearity

of the detector energy scale at the level of a few tenths of percent.
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the first to observe the disappearance of reactor anti-

neutrinos. That measurement mostly constrains solar

neutrino mixing ∆m2
21 and θ12. Recently, the Daya
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were discussed in detail in Ref. [9]. On the other hand,
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32| may lead to a reduction of sensi-

tivity in determining the MH [10, 11]. Encouraged by the
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sibility of intermediate baseline reactor experiment, and
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In the second line of Eq. (1), we rewrite the formula us-

ing the following notations: sij = sin θij , cij = cos θij ,

and using ∆31 = ∆32 + ∆21 for normal mass hierar-

chy (NH), ∆31 = ∆32 − ∆21 for inverted mass hierar-

chy (IH), respectively. Therefore, the effect of MH van-

ishes at the maximum of the solar oscillation (∆21 =

π/2), and will be large at about ∆21 = π/4. Further-

more, we can define ∆m2
φ(L,E) = φ

1.27 · E
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as the ef-

fective mass-squared difference, whose value depends on

the choice of neutrino energy E and baseline L. Since
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32| is only known with some uncertainties (|∆m2
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2.32+0.12
−0.08 × 10−3eV 2 [13]), there exists a degeneracy be-
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−0.08 × 10−3eV 2 [13]), there exists a degeneracy be-
tween the phase 2∆32+φ in Eq. (1) corresponding to the
NH and the phase 2∆′

32−φ corresponding to the IH when
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is analyzed. Such a measurement is challenging due to the finite detector resolution, the absolute
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32|. The standard χ2 method is compared with a proposed Fourier transformation method. In

addition, we show that for such a measurement to succeed, one must understand the non-linearity

of the detector energy scale at the level of a few tenths of percent.
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It has been proposed [6] that an intermediate L∼20-

30 km baseline experiment at reactor facilities has the

potential to determine the MH. Authors of Ref. [7] and
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were discussed in detail in Ref. [9]. On the other hand,
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uncertainties in |∆m2
32| may lead to a reduction of sensi-

tivity in determining the MH [10, 11]. Encouraged by the

recent discovery of large non-zero θ13, we revisit the fea-

sibility of intermediate baseline reactor experiment, and

identify some additional challenges.

The disappearance probability of electron anti-

neutrino in a three-flavor model is:

P (ν̄e → ν̄e) = 1− sin2 2θ13(cos
2 θ12 sin

2 ∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21

= 1− 2s213c
2
13 − 4c213s

2
12c

2
12 sin

2 ∆21 + 2s213c
2
13

√

1− 4s212c
2
12 sin

2 ∆21 cos(2∆32 ± φ) (1)

where ∆ij ≡ |∆ij | = 1.27|∆m2
ij|

L(m)
E(MeV ) , and

sinφ =
c212 sin 2∆21

√

1− 4s212c
2
12 sin

2 ∆21

cosφ =
c212 cos 2∆21 + s212

√

1− 4s212c
2
12 sin

2 ∆21

. (2)

In the second line of Eq. (1), we rewrite the formula us-

ing the following notations: sij = sin θij , cij = cos θij ,

and using ∆31 = ∆32 + ∆21 for normal mass hierar-

chy (NH), ∆31 = ∆32 − ∆21 for inverted mass hierar-

chy (IH), respectively. Therefore, the effect of MH van-

ishes at the maximum of the solar oscillation (∆21 =

π/2), and will be large at about ∆21 = π/4. Further-

more, we can define ∆m2
φ(L,E) = φ
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L

as the ef-

fective mass-squared difference, whose value depends on

the choice of neutrino energy E and baseline L. Since
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32| is only known with some uncertainties (|∆m2
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(2.43 ± 0.13) × 10−3eV 2 [12] or more recently |∆m2| =

2.32+0.12
−0.08 × 10−3eV 2 [13]), there exists a degeneracy be-

tween the phase 2∆32+φ in Eq. (1) corresponding to the

NH and the phase 2∆′

32−φ corresponding to the IH when

a different |∆m2
32| (but within the experimental uncer-
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ing the following notations: sij = sin θij , cij = cos θij ,
and using ∆31 = ∆32 + ∆21 for normal mass hierar-
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more, we can define ∆m2
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TWO QUESTIONS ABOUT NEUTRINOS ∗

BORIS KAYSER
Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510 USA

We explain why the see-saw picture and leptogenesis make it particularly interesting to find
out whether neutrinos are their own antiparticles, and whether their oscillations violate CP.

1 Motivation

The see-saw mechanism 1 provides an appealing explanation of the lightness of neutrinos. In
its pristine “type-I” form, it does this by adding to the Standard Model extremely heavy (be-
yond LHC range), right-handed, electroweak singlet neutrinos N . It then creates an inverse
relationship—the see-saw relation—between the masses of these heavy neutrinos and those of
the familiar light neutrinos ν.

In the type-I see-saw picture, the only addition to the Standard-Model (SM) Lagrangian is

Lnew = −
1

2
NR

cMNNR − (νLφ0 − #Lφ
−)yNR + h.c. . (1)

One may conveniently assume that the number of heavy neutrinos is three, so that it matches
the number of known light SM lepton doublets. Then, in Eq. (1), NR, νL and #L are three-
component column vectors for the right-handed neutrinos, the SM left-handed neutrinos, and
the SM left-handed charged leptons, respectively. The fields φ0 and φ− are the usual SM Higgs
fields, and y is a 3×3 matrix of Yukawa coupling constants. The first term on the right=hand
side of Eq. (1) is a Majorana mass term for the heavy neutrinos. We shall work in a basis
in which the Majorana mass matrix MN that appears in this term is diagonal. The diagonal
elements of MN are then the masses of the heavy neutrino mass eigenstates Nj, which must be
real numbers, so that MN must be a real matrix.

The see-saw picture gives rise to a natural explanation of the baryon-antibaryon asymmetry
of the universe. 2 Despite their large masses, the heavy neutrinos would have been produced

∗FERMILAB-CONF-10-516-T. To appear in the Proceedings of the 22nd Rencontres de Blois.
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side of Eq. (1) is a Majorana mass term for the heavy neutrinos. We shall work in a basis
in which the Majorana mass matrix MN that appears in this term is diagonal. The diagonal
elements of MN are then the masses of the heavy neutrino mass eigenstates Nj, which must be
real numbers, so that MN must be a real matrix.

The see-saw picture gives rise to a natural explanation of the baryon-antibaryon asymmetry
of the universe. 2 Despite their large masses, the heavy neutrinos would have been produced

∗FERMILAB-CONF-10-516-T. To appear in the Proceedings of the 22nd Rencontres de Blois.

Kayser arXiv:1012.4469

M’s Real if U is Complex

then generically y is Complex
which gives CPV in decays of the N’s

by
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Here, α and β run over the lepton flavors e, µ, and τ , i and j run over the light neutrino mass
eigenstates, U is the leptonic mixing matrix, ∆m2

ij = m2
i −m2

j , where mi is the mass of mass
eigenstate νi, L is the distance between the neutrino source and the neutrino detector, and E
is the neutrino energy. From Eq. (3), we see that if the mixing matrix U is complex, then in
general there will be a non-vanishing difference ∆αβ ≡ P (να → νβ) − P (να → νβ) between
the probabilities for corresponding neutrino and antineutrino oscillations. Since να → νβ and
να → νβ are CP-mirror-image processes, this non-vanishing ∆αβ will be a violation of CP.
Its discovery would demonstrate that there is CP violation in the leptonic sector. (Actual
experiments will involve neutrino beams traveling through matter, but one may extract from
their results the CP-violating vacuum difference ∆αβ .)

Assuming the see-saw picture, how is CP violation in neutrino oscillation related to the CP
violation in heavy N decay that initiates leptogenesis? The connection between these two CP
violations hinges on the fact that the Yukawa coupling matrix y in Eq. (1) plays two roles.
First, the coupling constants in y are responsible for the decays of the heavy neutrinos N in the
early universe. Secondly, after the universe cools through the electroweak phase transition and
the neutral Higgs field φ0 develops its nonzero vacuum expectation value 〈φ0〉0 ∼= 175GeV ≡ v,
the term νLφ0yNR in Eq. (1) develops a piece νL(vy)NR which is a “Dirac mass term” for the
neutrinos. This Dirac mass term is a neutrino analogue of the terms that give masses to the
quarks and the charged leptons. The neutrino mass eigenstates, heavy and light, will still be
Majorana particles because of the presence of the Majorana mass term in Eq. (1). When the
neutrino sector is diagonalized, the Dirac and Majorana mass terms will combine to yield a
diagonal mass matrix Mν for the light neutrinos that is inversely related to its counterpart MN

for the heavy neutrinos by the see-saw relation 1

Mν = −v2UT (y∗M−1
N y†)U

= −v2UTQU , (4)

where
Q ≡ y∗M−1

N y† . (5)

Here, in our chosen basis, U is the same mixing matrix as the one that appears in the neutrino
oscillation probabilities of Eq. (3), and MN is the diagonal matrix that appears in Eq. (1).
The diagonal elements of Mν and MN are the masses of the light and heavy neutrino mass
eigenstates, respectively. Since particle masses must be real, the matrices Mν and MN must be
real.

If leptogenesis is to occur, then, as we have seen, y must contain CP-violating phases. That
is, y must be complex. Then the matrix Q defined by Eq. (5) is very likely to be complex as
well. But the matrix Mν in Eq. (4) must be real. Thus, if the see-saw relation of Eq. (4) is to be
satisfied, the mixing matrix U must be complex. From Eq. (3), we then expect a non-vanishing
CP-violating difference between the probabilities P (να → νβ) and P (να → νβ). We conclude
that if leptogenesis occurred in the early universe, then neutrino oscillation very likely violates
CP.

To be sure, it is possible for Q to be real even if y is not real. Then we can have leptogenesis
without CP violation in neutrino oscillation. However, for Q to be real when y is not real requires

Observation of CPV in Nu Oscillations Enhances the Credibility of 
Leptogenesis !
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Beyond Nu SM

34

•Sterile

•Non-Standard Interactions (NSI)

•Premature Decoherence

•Neutrino Decay

•Effects of Extra Dimensions

•Surprises !
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Tensions in the Nu SM:
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Current Indications of Tension in the 
Standard 3 Neutrino Mixing Scheme 

•  Gallium:     2.7! evidence for "e disappearance 
•  LSND:        3.8! evidence for anti-"e appearance 
•  MiniBooNE: 3.8! evidence for ve and anti-"e appearance 
•  Reactor:     3.0! evidence for anti-"e disappearance 

•  Can be interpreted as a 4th neutrino state at eV scale mass 

•  Only 3 light, Weakly interacting neutrinos (LEP Z width) 
•  Oscillations with  #m2

solar and #m2
atm are well established 

•  Therefore a 4th light state must be sterile 

•  Many thanks to K.Heeger, T. Lasserre, L.Huillier, C.Polly, 
M.Shaevitz for material 

June 25 2012 Steve Brice  Fermilab 2 
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LSND:

36

LSND 

•  Used 800 MeV protons from LAMPF 
at Los Alamos in the 1990’s 

•  Searched for anti-!e appearance in 
neutrino beam from pion decay at 
rest. 

June 25 2012 Steve Brice  Fermilab 5 

•  Found an excess of anti-!e over 
background prediction 
•  87.9 ± 22.4 ± 6.0  (3.8") 
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MiniBooNE
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Comparing neutrino to anti-neutrino mode 

June 25 2012 Steve Brice  Fermilab 11 

6.7e20 POT neutrino mode 11.3e20 POT anti-neutrino mode 

Excess: 77.8 +/- 20.0 +/- 23.4                    Excess: 146.3 ± 28.4 ± 40.2  
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Simultaneous 3+1 fit to ! and anti-! data 

June 25 2012 Steve Brice  Fermilab 12 

!   WS accounted for properly 

!   Construction of correlated systematic error matrix 

!   E>200 MeV BF preferred at 3.6" over null 

combined E > 200 MeV E > 475 MeV 

#2(null) 42.53 12.87 

Prob(null) 0.1% 35.8% 

#2(bf) 24.72 10.67 

Prob(bf) 6.7% 35.8% 

* Simultaneous fit (E>200 MeV) with 
fully-correlated systematic to entire  
MB neutrino and anti-neutrino data 

Total Excess: 240.3 +/- 34.5 +/- 52.6 
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MiniBooNE Conclusions 

June 25 2012 Steve Brice  Fermilab 13 

!   MiniBooNE observes an excess of !e candidates in the 200-1250 MeV energy 
range in neutrino mode (3.0") and in anti-neutrino mode (2.5").  The 
combined excess is 240.3 ± 34.5 ± 52.6 events (3.8") 

!   The event excess is concentrated in the 200-475 MeV region where NC !0 
and other processes leading to a single # dominate 

!   Higher statistics anti-$ data is now similar to the neutrino mode data 

!   It is not yet known whether the MiniBooNE excesses are due to oscillations, 
some unrecognized NC # background, or something else 

6.5e20 POT neutrino mode w/ 3+1 fit 11.3e20 POT anti-neutrino mode w 3+1fit 
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MicroBooNE:
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Introduction 

•  The MicroBooNE detector  will be a liquid argon time 
projection chamber (LAr TPC) containing 170 tons of 
liquid argon, and located on the Booster Neutrino 
Beamline. 

•  The experiment’s goal is to begin operation in 2013; 
availability of  funding  may constrain the schedule 

•  This device represents a major advance in neutrino 
detector technology.  

Fermilab Institutional Review, June 6-9, 2011 3 

MicroBooNE will : 
•   Fully test the LAr TPC technology at a scope and 

scale that will help inform the design and operation of 
very large LAr TPC detectors for next-generation 
neutrino oscillation experiments.  
!  Purity without evacuation; cold electronics; 2.5 m drift 

•  Investigate the source of the excess of low energy 
electron-type neutrinos observed by the MiniBooNE 
experiment using the unique electron-photon 
discrimination power offered by a LAr TPC.  

•   Produce the first high-statistics measurements of 
neutrino interactions in argon. Currently, such 
measurements do not exist; they will provide the first 
constraints for future LAr-based neutrino oscillation 
experiments.  

Fermilab Institutional Review, June 6-9, 2011 8 

Integration of components 

Fermilab Institutional Review, June 6-9, 2011 20 
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Reactor Anomaly:
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Reactor Neutrino Anomaly 

June 25 2012 Steve Brice  Fermilab 14 

! emission: 
•  Improved reactor neutrino spectra produces +3.5% 
•  Accounting for long-lived isotopes accumulating in reactors produces +1% 
•  PRC83, 054615 (2011) 
•  PRC84, 024617 (2011) 

!  detection:  
•  Reevaluation of !IBD Improved neutron life time measurements produces +1% 

Observed/predicted averaged event ratio: R=0.927±0.023 (3.0 !) 

Plot from P.Huber 
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Interpreted as Oscillation with 4th State 

June 25 2012 Steve Brice  Fermilab 15 

Spectral Distortion Exp. at 10m from core are being planned.
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Counter Evidence for 4th State:
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Counter Evidence for 4th State 

June 25 2012 Steve Brice  Fermilab 17 

There are a number of results that are sensitive, but see no evidence 
for a 4th neutrino state with ~eV mass:- 

– CDHS and MiniBooNE searches for !µ disappearance 

– MiniBooNE search for!!µ disappearance 

– MINOS search for !µ→ !s 

– Karmen search for!!µ→!!e 

It is hard (impossible?) to fit all data with a single oscillation hypothesis 
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Future Tests:
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Future Tests 

June 25 2012 Steve Brice  Fermilab 18 

•   Need a definitive test(s) of the 4th neutrino hypothesis hinted at 
by the current anomalies 

•   Many tests proposed. They fall into three types:- 
1)   Detector <15 m from compact nuclear reactor 
2)   Accelerator based short baseline 
3)   Intense sources close to or in detector 

•  For definitive test would like oscillation evidence in E and L and 
redundant cross-checks 

•  See Sterile Neutrino White Paper 
•  arXiv:1204.5379 

•  Upcoming report from Fermilab Short Baseline Working Group 

LAr1
NuStorm
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nuSTORM:
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Baseline(s) 

!  100 kW Target Station 
!  Assume 60 GeV proton 

!  Fermilab PIP era 
!  Ta target 

!  Optimization on-going 
!  Horn collection after target 

!  Li lens has also been explored 
!  Collection/transport  channel 

!  Two options  
!  Stochastic injection of !"
!  Kicker with ! # µ decay channel 
!  At present NOT considering 

simultaneous collection of both 
signs  

!  Decay ring 
!  Large aperture FODO 
!  Racetrack FFAG 
!  Instrumentation   

!  BCTs, mag-Spec in arc, polarimeter 

9 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

150 m 
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!e " !µ appearance 
CPT invariant channel to MiniBooNE 

29 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

3+1 
Assumption 
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LBNE & Extra Dimensions:
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Machado, Nunokawa and Zukanovich Funchal, arXiv:1101.0003



• Nu Standard Model:

• Sizeable Nu_e fraction of Nu_3 (Large Theta_13) is 
wonderful opportunity to answer:

• Is CPV in the Neutrino Sector ?

• What is the Mass Ordering of Neutrinos ?

• Which Flavor dominates Nu_3 ? (Nu_mu or Nu_tau)

• Will Test Predictions of Neutrino Mass Models

• Enhances Credibility of Leptogenesis

• Beyond Nu Standard Model:

• Steriles, NSI, Extra D, .....    

Summary & Conclusions:
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Neutrinos WILL
 continue to 

SURPRISES Us !!!



Stephen Parke                                                   HEPAP 2012 @ Rockville                                                       8/27/2012                      

Backup:
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Experimental Layout 

20 Alan Bross                               Fermilab Physics Advisory Committee         June 21, 2012 

Must reject the 
“wrong” sign µ with 

great efficiency 

Appearance 
Channel: 
!e " !µ 

Golden Channel !

Why !µ " !e 
Appearance Ch. 

not possible 

150 ~ 1500 m 


